There have been several scientific studies concerning the interconnectedness between landsurface conditions (e.g., vegetation, land use, and socioeconomic activities) and marine ecosystems (e.g., biodiversity, primary production, and seafood production). This idea of the land-sea connectivity sounded reasonable for many scientists because there is an obvious connection by rivers, however, quantitative estimation of this relationship has been thought to be difficult due to the size of the target areas, the numbers of possible variables, and the amount of noises in this complex system. In this study, we applied a sparse high-dimensional modeling to overcome these difficulties and found several significant land-sea linkages. In this modeling, the key is the penalization in the number of independent variables, and thus a limited number of significant independent variables are chosen in an objective and quantitative manner. We selected 448 independent variables (geological, biological, and social) and 68 dependent variables (marine products) from a governmental database. Then we summarized the data according to the political boundaries of 47 prefectures. The sparse high-dimensional model we constructed successfully highlighted several significant variables to estimate the amount of marine products by prefecture. For example, we found that coastal, especially sessile marine products such as seaweed and shellfish had more explanatory variables than open-water marine products such as tuna and sailfishes. In addition, salmon production had a strong connection to the mesoscale (prefecture-level) land-surface conditions possibly due to their interconnected life cycle between freshwater rivers and the sea. We believe that the sparse modeling is an effective statistical tool to explain relationships in a complex system such as land-sea connections.
Introduction
There have been several scientific studies concerning the interconnectedness between landsurface conditions (e.g., vegetation, soil type, topology, geochemistry, climate, land use, and socioeconomic activities) and marine ecosystems (e.g., biodiversity, primary production, water quality, and seafood production) in relatively large spatial scales (Gorman et al. 2009 , Wang et al. 2010 , Waterhouse et al. 2016 . This concept of land-sea linkage has attracted ecological and/or economic interests. In Japan, some owners of the aquaculture industry of oysters noticed that the conditions of the forests in the vicinity caused significant impacts on the quality and quantity of the oysters. Thus they made a slogan that says "the sea is longing for the forest (NPO Mori-umi office 2018)" to promote the environmental protection of forest ecosystems for the sake of seafood productions.
This idea of the land-sea connectivity sounded reasonable for many scientists because there is an obvious connection by rivers. However, quantitative estimation of this relationship has been thought to be difficult due to the size of the target areas, the numbers of possible variables, and the amount of noises in this complex natural-anthropogenic system. On land, there are numerous possible variables that have significant effects on marine ecosystems. For example, forest types, agricultural activities, and waste water management may have significant impacts on productions of filter feeders such as oysters. However, the sample size of the study of land-sea linkage is usually limited because observation of large-scale environmental variables is labor-intensive and/or economically expensive. In this case, the problem is often called "high dimension, low sample size" (HDLSS) conditions. In HDLSS conditions, conventional statistical analyses such as regression analysis and analysis of variance (ANOVA) are not useful because of the imbalance between the number of independent variables and the sample size.
Recently, however, a few statistical methods called attention because of their suitability in HDLSS conditions, thanks to the advancements in theory and computational applications in statistics (Fan et al. 2011 , Shen et al. 2013 . High dimensional sparse modeling is one of these statistical advancements. This approach has mainly been utilized in economics and finance. Using penalty functions, the high dimensional sparse modeling effectively reduces the number of independent variables, and the resultant model is much simpler than the conventional model selection methods such as stepwise AIC.
In this study, we applied a sparse high-dimensional modeling to overcome the difficulties in the study of land-sea linkages and aimed to find significant land variables that affect marine productions. In this modeling, the key is the penalization in the number of independent variables, and thus a limited number of significant independent variables are chosen in an objective and quantitative manner.
Methods
Our target area is the entire extent of Japan. We selected 448 independent variables (geological, biological, and socioeconomic; Supplementary summarized the data according to the political boundaries of 47 prefectures. We assigned local factors (1-5) to each of the dependent variables (marine product species or groups) according to the degree of sedentary behavior of the species or groups.
The least absolute shrinkage and selection operator (LASSO) is a major statistical technique for the sparse high dimensional modeling. In this study, using a LASSO library glmnet (Friedman et al. 2018 ) implemented on statistics software R 3.4.4 (R Core Team 2014), we tested statistical relationship between marine products and the mesoscale (prefecture-level) environmental and socioeconomic conditions. LASSO effectively reduced the number of explanatory variables to explain the variance in prefecture-level marine production. In the list of marine products, we took one marine product for each LASSO analysis with all (448) explanatory variables. The degree of penalization in LASSO was optimized by cross validation.
Results
The sparse high-dimensional model we constructed successfully highlighted several significant variables to estimate the amount of marine products by prefecture. LASSO effectively reduced the number of explanatory variables. With no penalties, all of 448 candidates of the explanatory variables were used to model production of a marine product. Using cross validation, the model systematically changes the degree of penalization to find the optimum.
In the optimal condition, most of the 448 candidate variables have a coefficient of zero, which means those variables are not needed in the proposed model. Typically, a few variables have non-zero coefficients (Supplementary Table 1 ), and that means those variables are statistically significant. In some cases (especially for offshore species), all coefficients are optimized to zero. This indicates that land conditions do not have statistical significance to predict production of that species or groups. Moreover, our results show ecologically interesting aspects. For example, we found that coastal, especially sessile marine products such as seaweed and shellfish had more explanatory variables than open-water marine products such as tuna and sailfishes. In addition, salmon production had a strong connection to the mesoscale (prefecture-level) landsurface conditions possibly due to their interconnected life cycle between freshwater rivers and the sea. 
Discussion
In this study, we show that LASSO, a method for sparse high-dimensional modeling, effectively found significant explanatory variables in the mesoscale land-sea linkages. Despite the high dimensionality (448 candidates for the explanatory variables), LASSO worked in a robust manner. We believe that the sparse modeling is an effective statistical tool to explain relationships in a complex system such as land-sea connections.
We found that there are many interesting relationships between land-surface conditions and marine productions in adjacent water. Japan has a relatively large north to south gradient that is reflected in both land-surface conditions and marine productions. For example, Hokkaido, the northernmost prefecture, has a unique characteristics in both land-surface conditions and marine productions. This is obvious in our analysis. This is intuitive because species with limited ability to move are affected by local conditions, and the local conditions of the sea would be affected by land conditions which is connected by rivers. This finding may show that our LASSO analysis was reasonable.
There are several limitations in the current study. For example, the local factor we assigned for each marine products are somewhat arbitrary. This study is a pure statistical analysis and the mechanistic relationships between land use patterns and marine productions are not revealed in detail. In addition, although we applied LASSO for this study, there are other statistical and computational methods for HDLSS datasets. We are planning to apply the elastic net for the same dataset to see similarities and differences in results. In total, our results encourages that the further studies concerning land-sea interactions are promising and needed.
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